Metaplasticity, the adaptive changes of long-term potentiation (LTP) and long-term depression (LTD) in response to fluctuations in neural activity is well documented in visual cortex, where dark rearing shifts the frequency threshold for the induction of LTP and LTD. Here we studied metaplasticity affecting spike-timing-dependent plasticity, in which the polarity of plasticity is determined not by the stimulation frequency, but by the temporal relationship between near-coincidental presynaptic and postsynaptic firing. We found that in mouse visual cortex the same regime of deprivation that restricts the frequency range for inducing rate-dependent LTD extends the integration window for inducing timing-dependent LTD, enabling LTD induction with random presynaptic and postsynaptic firing. Notably, the underlying mechanism for the changes in both rate-dependent and time-dependent LTD appears to be an increase of NR2b-containing NMDAR at the synapse. Thus, the rules of metaplasticity might manifest in opposite directions, depending on the plasticity-induction paradigms.
Introduction
Mechanisms of activity-dependent synaptic modifications, such as NMDAR-dependent long-term potentiation (LTP) and long-term depression (LTD) are considered essential for the sculpting of visual cortex by visual experience. Traditionally, the selective induction of LTP and LTD has been achieved by varying the presynaptic firing rate or the postsynaptic potential during conditioning stimuli (Malenka and Bear, 2004) . Synaptic plasticity can also be induced by near-coincidental presynaptic and postsynaptic firing: presynaptic firing preceding postsynaptic firing induces LTP, whereas the reverse order induces LTD. Since the polarity and magnitude of the synaptic changes are solely specified by the timing between presynaptic and postsynaptic firing, spike-timing-dependent plasticity (STDP) has become an attractive paradigm to model naturally occurring plasticity (Caporale and Dan, 2008; Richards et al., 2010) .
Theoretical considerations on the stability of plastic synaptic networks (Bienenstock et al., 1982) and experimental results from deprivation studies (Smith et al., 2009) indicate that the mechanisms controlling the gain and polarity of synaptic plasticity need to adapt to changes in neural activity. Experimental evidence for this plasticity of synaptic plasticity, termed metaplasticity (Abraham and Bear, 1996) , comes from studies showing that the frequency threshold for inducing LTP and LTD with rate-dependent paradigms shifts toward lower values in animals reared in the dark (Kirkwood et al., 1996; Philpot et al., 2003) . As a result, the frequency range for LTP induction expands at the expense of LTD, which is thought to constitute a homeostatic mechanism to restore neural activity in the deprived cortex. The possibility that deprivation also induces adaptive metaplasticity of STDP has not been explored.
The consensus on the underlying mechanisms of LTP and LTD is that a moderate NMDAR activation leads to LTD, while stronger activation leads to LTP (Malenka and Bear, 2004) . Consistent with that, the sliding of the thresholds for rate-dependent LTP and LTD to lower values appears to result from an increase in the fraction of NR2b-containing (or GluN2b-containing) NMDARs, and the concomitant prolongation of the duration of the NMDAR-mediated synaptic response (Quinlan et al., 1999) . Interestingly, according to current models of STDP, LTP will occur at those synapses in which the NMDARs have bound glutamate at the arrival of the backpropagating action potential (Shouval et al., 2010) . Thus, the temporal window for the coincidence of presynaptic and postsynaptic activation to elicit LTP is restricted by the duration of the NMDAR activation. These observations prompted us to examine the effects of dark exposure on the induction of STDP. We found that dark exposure expanded the temporal integration window for the induction of both timing-dependent LTP and LTD, yet at the same time it restricted the induction of LTD with rate-dependent and voltage-dependent paradigms.
Materials and Methods
Visual cortical slices. Visual cortical slices (300 -400 micrometers) from 3-4-week-old C57BL/6 mice of either sex reared in normal light/dark 12 h cycles or in the dark for 2 d with care provided under infrared illumination were cut as described previously (Seol et al., 2007) in ice-cold dissection buffer containing the following (in mM): 212.7 sucrose, 5 KCl, 1.25 NaH 2 PO 4 , 10 MgCl 2 , 0.5 CaCl 2 , 26 NaHCO 3 , 10 dextrose, bubbled with 95% O 2 /5% CO 2 , pH 7.4. Slices were transferred to normal artificial CSF (ACSF) for at least 1 h before recording. Normal ACSF was similar to the dissection buffer except that sucrose was replaced by 124 mM NaCl, MgCl 2 was lowered to 1 mM, and CaCl 2 was raised to 2 mM.
Visualized whole-cell current-clamp recordings. Visualized whole-cell current-clamp recordings were made from layer II/III regularspiking pyramidal cells with glass pipettes (4 -6 M⍀) filled with intracellular solution containing the following (in mM): 130 K-gluconate, 10 KCl, 0.2 EGTA, 10 HEPES, 4 Mg-ATP, 0.5 Na-GTP, and 10 Na-phosphocreatine, pH adjusted to 7.25 with KOH, 280 -290 mOsm. Only cells with membrane potentials more negative than Ϫ65 mV, series resistance Ͻ20 M⍀ (8 -18 M⍀), and input resistance Ͼ100 M⍀ were studied. Cells were excluded if input resistance changed Ͼ15% over experiment. Data were filtered at 2 kHz and digitized at 5 kHz using Igor Pro (WaveMetrics).
Synaptic responses. Synaptic responses were evoked every 20 s by stimulating layer IV with 0.2 ms pulses delivered through two concentric bipolar stimulating electrodes (diameter, 125 m; FHC) placed ϳ900 m apart in the middle of the cortical thickness. Intensity was adjusted to evoke 4 -6 mV responses. Input independence was confirmed by linear summation and the absence of paired pulse interactions, and synaptic strength was quantified as the initial slope (the first 2 ms) of the EPSP.
Induction of STDP. Spike-timing-dependent LTP (tLTP) and spiketiming-dependent LTD (tLTD) were induced by pairing presynaptic stimulation in one pathway or the two pathways with a burst of four action potentials (100 Hz) evoked by passing suprathreshold depolarizing current steps through the recording electrode (ϳ1 nA, 2 ms). We chose to stimulate with burst over single action potentials because it yields larger magnitude of STDP (Wittenberg and Wang, 2006; Seol et al., 2007) . Associative pairing consisted of 200 pairing epochs delivered at 1 Hz. One cell per slice was used.
Rate-dependent synaptic plasticity. In these experiments, layer II/III field potentials (FPs) were recorded in 400 m slices with a recording pipette filled with ACSF placed in layer II/III and evoked by stimulation of the underlying layer IV. Baselines were acquired at stimulus intensities evoking an FP approximately half of maximal amplitude (ϳ0.7-1.5 mV). Synaptic plasticity was evaluated with tetanus of different frequencies as described previously (Kirkwood et al., 1996) . As a model for highfrequency stimulation, we used theta burst stimulation consisting of four trains of 10 bursts (4 stimuli at 100 Hz) delivered at 5 Hz. The trains were delivered every 10 s. For medium frequencies, we used 120 pulses delivered at 40 Hz. For low-frequency stimulation, we delivered 900 pulses at 1 Hz.
Voltage-dependent synaptic plasticity. These experiments were done in pyramidal cells recorded as described in the main section. To induce plasticity, the recording mode was switched from current-clamp to voltage-clamp as described previously (Huang et al., 2012) . Pairing consisted of 150 epochs (0.75 Hz), during which the holding potential V h was alternated between two target values (666 ms for each value). To assess LTP, the V h alternated between Ϫ70 and Ϫ10 mV; for LTD, the V h alternated between Ϫ70 and Ϫ40 mV. In each pairing epoch, the synaptic stimulation pulse was delivered 100 ms after the onset of depolarization.
NMDAR-mediated EPSCs. Pharmacologically isolated NMDARmediated EPSCs (NMDAR-EPSCs) were recorded at ϩ40 mV in the presence 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 25 M) and gabazine (2.5 M), with 4 mM Ca 2ϩ and 4 mM Mg 2ϩ in the ACSF to reduce recruitment of polysynaptic responses.
To evaluate the decay kinetics of the NMDAR-EPSCs in a given condition, 30 -50 traces were first averaged and normalized. Then the decay was fitted with two exponentials, one fast and one slow, using Igor. As a measure of the decay, we calculated a weighted time constant ( w ) according to the following equation as described previously (Rumbaugh and Vicini, 1999; Philpot et al., 2001) 
, where f and s are the time constant for the fast and slow components, while I f and I s are their respective amplitudes.
To record the AMPA/NMDA ratio, isolated glutamatergic (AMPA/ NMDA) currents were evoked in the presence of gabazine (2.5 M), 4 mM Ca 2ϩ , and 4 mM Mg 2ϩ in the ACSF. NMDAR-EPSCs and AMPAREPSCs were discriminated based on their kinetics and voltage dependence. NMDAR-EPSCs were taken as the amplitude at V h ϭ ϩ40 mV, 70 ms after the response onset, whereas the AMPAR-EPSCs were taken as the peak amplitude response recorded at V h ϭ Ϫ80 mV.
Most drugs, including methoxamine (Mtx), isoproterenol (Iso), and CNQX were purchased from Sigma-Aldrich. Gabazine and AM251 were purchased from Tocris Bioscience. Iso was applied with 10 M sodium ascorbate to prevent oxidation of the drug.
Statistical analysis. Group plots are presented as average Ϯ SEM. The magnitude of plasticity was taken as the average of the last 10 min of recording, beginning 20 min after conditioning stimulation. The signif- icance of LTP and LTD was assessed using the paired Student's t test. Other comparisons were done using Student's t test or the ANOVA test.
Results
We studied the effects of 2 d exposure to dark on the induction of STDP in visual cortical slices from C57BL/6 mice. We chose the brief exposure over dark rearing since birth to avoid potential developmental issues, and because that duration is sufficient to induce other forms of homeostatic plasticity (Goel and Lee, 2007; Gao et al., 2010) . STDP was tested in layer II/III pyramidal cells with associative pairings consisting of presynaptic stimulation followed by a burst of postsynaptic firing to induce LTP, or in the reverse order to induce LTD (see Materials and Methods; Fig. 1A-C) as described previously (Seol et al., 2007; Huang et al., 2012) . We previously showed that, under standard experimental conditions, the induction of STDP in layer II/III pyramidal cells requires "priming" the synapses by stimulation of neuromodulatory receptors that phosphorylate AMPA receptors at sites specific for LTP and LTD (Seol et al., 2007) . Since dark exposure promotes AMPA receptor phosphorylation at some of these sites (Goel et al., 2006) , we tested whether it also removes the need for neuromodulators in STDP induction. It does not: in slices for dark-exposed (DE) mice, the associative conditioning did not elicit either tLTP (100.1 Ϯ 3.4% of baseline at 30 min, n ϭ 9 slices, 3 mice; paired t test, p ϭ 0.95) or tLTD (100.7 Ϯ 3.5%, n ϭ 9 slices, 3 mice; paired t test, p ϭ 0.834; Fig. 1 D) . Therefore, in all subsequent experiments the associative conditioning was delivered in conjunction with a 10 min bath of either the ␤-adrenergic agonist Iso (10 mM) to enable tLTP, the ␣1-adrenergic agonist Mtx (5 mM) to enable tLTD, or the coapplication of both Iso and Mtx to enable bidirectional STDP (Seol et al., 2007) .
Dark exposure extends the temporal window for the induction of STDP
To evaluate how dark exposure affects the temporal window for STDP, we first tested two delays (10 and 100 ms) between presynaptic and postsynaptic stimulation.
In cells from normal-reared (NR) mice, the prepairing then postpairing at the end of the Iso application resulted in tLTP when the delay was 10 ms (124.1 Ϯ 3.9%; n ϭ 9 slices, 7 mice) but not when it was 100 ms (100.4 Ϯ 3.3%, n ϭ 8 slices, 7 mice; p Ͻ 0.001; Fig. 2A ). In contrast, in cells from DE mice, both delays resulted in comparable tLTP (ϩ10 ms: 131.8 Ϯ 3.7%, n ϭ 10 slices, 8 mice; ϩ100 ms: 128.5 Ϯ 2.6%, n ϭ 10 slices, 8 mice; p ϭ 0.570; Fig.  2 B) . Concerning tLTD, we expected a reduction because previous studies showed a reduction of LTD induced by lowfrequency stimulation in dark-reared rodents. Notably, however, dark exposure also extended the window for tLTD. In NR mice, the postpairing then prepairing delivered at the end of a Mtx application resulted in tLTD when the delay was Ϫ10 ms (75.5 Ϯ 3.5%, n ϭ 8 slices, 4 mice), but not when it was Ϫ100 ms (102.1 Ϯ 1.7%, n ϭ 9 slices, 4 mice; p Ͻ 0.001; Fig. 2C) ; whereas in the DE mice, pairing with the two delay-induced tLTD of comparable magnitude (Ϫ100 ms: 77.4 Ϯ 5.5%, n ϭ 8 slices, 5 mice; Ϫ10 ms: 78.1 Ϯ 3.4%, n ϭ 9 slices, 5 mice; p ϭ 0.918; Fig. 2 D) .
The robust induction of tLTD with the Ϫ100 ms delay raised the possibility that dark exposure might have reactivated a previously described form of tLTD that has a long integration window (Feldman, 2000) , that is only transiently expressed earlier during postnatal development, and that does not contribute to tLTD after postnatal day 21 in visual cortex (Corlew et al., 2007; Seol et al., 2007) . This early form of tLTD is expressed presynaptically and requires the activation of CB1-cannabinoid receptors (Sjöström et al., 2003; Bender et al., 2006; Nevian and Sakmann, 2006; Min and Nevian, 2012) . We found, however, that the CB1R antagonist AM251 (10 mM) did not affect the induction of tLTD with Ϫ100 ms delays in cells from DE mice (AM251: 80.8 Ϯ 3.7%, n ϭ 9 slices, 5 mice; control DMSO, 77.5 Ϯ 5.5%, n ϭ 8 slices, 5 mice; p ϭ 0.61; data not shown). In addition, the paired pulse ratio, a crude estimate of presynaptic release, did not change significantly after tLTP or tLTD (paired t test, p Ͼ 0.15 in all cases), which is consistent with a postsynaptic mechanism of expression of STDP (Seol et al., 2007) .
The extended temporal window for tLTD in DE mice contrasts with the reduced window of frequencies for inducting rate-dependent LTD observed after dark rearing from birth (Kirkwood et al., 1996; Philpot et al., 2003) . To determine whether the duration of visual deprivation made the difference, we tested the effects of dark exposure (2 d) on LTP and LTD induced with rate-dependent and voltage-dependent paradigms (see Materials and Methods). In slices from DE mice, the normally optimal 1 Hz lowfrequency stimulation (Kirkwood et al., 1996; Philpot et al., 2003) induced minimal LTD (DE: 101.1 Ϯ 3.4%, n ϭ 9 slices, 4 mice; NR: 88.9 Ϯ 4.0%, n ϭ 10 slices, 4 mice; p ϭ 0.034) and the normally neutral 40 Hz stimulation (Kirkwood et al., 1996; Philpot et al., 2003) induced robust LTP (DE: 114.7 Ϯ 4.6%, n ϭ 14 slices, 4 mice; NR: 101.3 Ϯ 3.4%, n ϭ 9 slices, 4 mice; p ϭ 0.022; Fig. 3A-D) . Similarly, dark exposure reduced LTD induced by pairing synaptic stimulation with the depolarization at Ϫ40 mV ( Fig. 3E ; p Ͻ 0.001), which is normally optimal for LTD induction (Choi et al., 2005) , and enabled LTP ( Fig. 3F ; p ϭ 0.03) induction by pairing at Ϫ20 mV, normally subthreshold for LTP (Choi et al., 2005; Huang et al., 2012) . Altogether, these results are consistent with the established notion that dark exposure shifts the optimal stimulation for LTD induced with rate-dependent and voltagedependent paradigms while allowing LTP induction with suboptimal parameters. However, it is important to note that, unlike STDP induction, rate-dependent synaptic plasticity does not require exogenous neuromodulators. Interestingly, bath application of Iso and Mtx during the 1 Hz conditioning stimulation allowed the induction of LTD in slices from DE mice (Fig.  3G,H ) of comparable magnitude to that obtained in control NR mice (t test, p ϭ 0.630). These results suggest that some aspects of the expression of metaplasticity depends on the neuromodulatory tone.
To better characterize the changes in STDP after dark exposure, we systematically varied the pre-post delay from 200 to Ϫ200 ms, and induced tLTP and tLTD under the same conditions by coapplying the agonists 10 M Iso and 5 M Mtx. We confirmed that with agonist mixture the pairing delays of 100 and Ϫ100 ms did not elicit any changes in cells from NR mice (100 ms: p Ͼ 0.960; Ϫ100 ms: p ϭ 0.780; Fig. 4 A) , but robust tLTP ( p Ͻ 0.001) and tLTD ( p ϭ 0.022) in cells from DE mice (Fig.  4 B) . The summary results, shown in Figure 4C , indicate that dark exposure does not change the peak magnitude of tLTP (at 10 ms) or tLTD (at Ϫ10 ms) but extends the integration window for tLTP from Ͻ50 ms to more that 100 ms, and the window for tLTD from ϽϪ100 ms to ϾϪ150 ms. A two-way ANOVA (F (3,66) ϭ 22.66, p Ͻ 0.001) confirmed the significance of these findings. Altogether, the results indicate that dark exposure increases the integration window for postsynaptic tLTP and tLTD.
Role of NR2b-containing NMDARs in the expansion of the integration window
Previous studies indicate that brief dark exposure promotes the translation of the NR2b subunit of the NMDAR (Chen and Bear, 2007) . A longer duration of NMDAR responses due to an in- creased NR2b/NR2a fraction (Philpot et al., 2001 ) is an obvious mechanism to account for the extended integration window for tLTP. To examine this possibility, we first confirmed that a brief 2 d dark exposure increases NR2b functionality at the synapse by testing the effects of the NR2b-specific antagonist ifenprodil (3 mM) on pharmacologically isolated NMDAR-synaptic currents (NMDAR-EPSCs). Dark exposure increased the fraction of the NMDAR-EPSCs blocked by ifenprodil (DE: 43.0 Ϯ 3.9%, n ϭ 8 slices, 4 mice; NR: 24.2 Ϯ 3.9%, n ϭ 8 slices, 4 mice; t test, p ϭ 0.004; Fig. 5 A, B) . The duration of the NMDAR-EPSCs, quantified as a w of two exponentials (see Materials and Methods), was also longer and more sensitive to ifenprodil in cells from DE mice (DE control w : 231.6 Ϯ 13.7 ms; DE ifenprodil w : 179.1 Ϯ 13.6 ms; n ϭ 8 slices, 4 mice; NR control w : 168.8 Ϯ 6.7 ms; NR ifenprodil w : 167.9 Ϯ 9.1 ms, n ϭ 8 slices, 4 mice; 2-way ANOVA, p ϭ 0.023 for rearing condition, p ϭ 0.029 for the interaction with the drug; Fig. 5 A, B) . In addition, the ratio of the NMDAR-EPSCs and AMPAR-EPSCs was increased in the DE cells (2-way ANOVA, F (1,90) ϭ 4.95, p ϭ 0.029; Fig. 5E ), which is consistent with the notion that dark exposure promotes the synaptic incorporation of NR2b-containing NMDARs. We also detected a small, yet significant increase in the input-output relationship for the AMPAR-EPSCs, possibly reflecting synaptic scaling induced by the exposure to dark (Goel and Lee, 2007) .
Next we tested the effects of bath application of ifenprodil in the induction of STDP in DE cells. The antagonist prevented the induction of tLTP and tLTD with long delays (ϩ100 ms, Ϫ100 ms), but not with short delays (ϩ10 ms, Ϫ10 ms), rendering the DE STDP profile similar to the NR STPD profile (Fig. 6 A) . A two-way ANOVA followed by a Fisher post hoc test confirmed the significance of these findings. On the other hand, ifenprodil did not affect the induction of tLTP and tLTD with short delays in NR cells (F (1,32) ϭ 0.076, p ϭ 0.784; Fig. 6 A,  open triangles) . The results indicate that the specific blockade of NR2b-containing NMDARs abolishes the STDP differences between cells from DE and NR mice. To further determine whether this is due to specific block of NR2b or a general reduction in NMDAR function, we examined whether the nonspecific antagonist DL-APV, expected to equally block NR2b and NR2a function, would convert the DE STDP profile into a NR STDP profile. We focused on the induction of tLTD with suboptimal doses of DL-APV (7.5 and 15 M) in DE cells. Unlike ifenprodil, APV reduced the magnitude of tLTD induced with both delays (Ϫ10 and Ϫ100 ms) (F (2,78) ϭ 0.140, p ϭ 0.869) (Fig. 6 B) . Altogether, the specific effects of ifenprodil, along with the unspecific effects of APV, support the idea that the increased NR2b functionality extends the STDP integration window in DE mice.
Subsequently, we examined whether the increased NMDAR function is sufficient to account for the extended integration window in the DE mice. To that end, in cells from NR mice we stimulated with pairs of pulses separated by a 50 ms interval, which was expected to increase the duration and magnitude of the NMDARmediated responses during the pairings. In these experiments, one pathway was conditioned with the paired pulses, while the other pathway was conditioned with a single pulse at the same long pre-post delay (ϩ100 or Ϫ100 ms) to serve as a control. The paired pulse stimulation (PPS) enabled the induction of tLTP with ϩ100 ms delays (PPS: 120.6 Ϯ 6.2%; control: 99.5 Ϯ 2.2%, n ϭ 7 slices, 3 mice; paired t test, p ϭ 0.008) and the induction of tLTD with Ϫ100 ms delays (PPS: 85.1 Ϯ 3.9%; control: 98.7 Ϯ 1.0%; n ϭ 12 slices, 5 mice; p ϭ 0.009) in cells from NR mice (Fig.  6C,D) . Thus, pairing with paired pulses is sufficient to expand the integration window in NR mice.
To determine whether the amplitude increase after dark exposure was sufficient, we applied the allosteric NMDAR agonist D-serine, which increases the NMDAR responses in pyramidal cells (Martina et al., 2003; Li and Han, 2008) . Bath application of 100 M D-serine, which in separate experiments increased the NMDAR-mediated response (142.5 Ϯ 12.6%; n ϭ 5 slices, 3 mice; paired t test, p ϭ 0.002; Fig. 6E ), did not enable the induction of tLTP (100.5 Ϯ 4.5%; n ϭ 9 slices, 4 mice; paired t test, p ϭ 0.824) or tLTD (101.6 Ϯ 4.6%; n ϭ 8 slices, 4 mice; p ϭ 0.743) with long delays in cells from NR mice (Fig.  6B) . Thus, increasing the NMDAR response magnitude was insufficient to expand the integration window in NR mice This suggests that the increase in duration of the NMDAR response, alone or in conjunction with the magnitude increase, is the substrate for the metaplasticity of STDP.
Dark exposure enables induction of associative LTD with random presynaptic and postsynaptic spiking
In a final set of experiments, we set out to examine the possible functional consequences on the changes in STDP induced by dark exposure. Dark exposure increases spontaneous activity in visual cortex (from ϳ2.5 to 3.5 Hz under isofluorane anesthesia; E. Quinlan, personal communication; see also Benevento et al., 1992; Gianfranceschi et al., 2003) and it has been hypothesized that random presynaptic and postsynaptic activity can lead to a net tLTD, which might serve as a homeostatic mechanism (Song and Abbott, 2001) . In that context, it was of interest to evaluate how dark exposure affects associative plasticity induced with irregular stimulation patterns. STDP rules obtained with repeated associative pairings of fixed delays are insufficient to predict the outcome in irregular presynaptic and postsynaptic activity because multiple presynaptic and postsynaptic events occurring within a short time can interact in complex nonlinear ways (for review, see Froemke et al., 2010a) . Therefore, we directly evaluated associative plasticity with trains of presynaptic and postsynaptic stimulation with random interstimulus intervals (Poisson distribution; mean frequency, 0.5-10 Hz) (Robinson et al., 1993) . In these experiments, a random stimulation train (200 stimulation pulses) of a given frequency was delivered to one pathway while eliciting a random train of 200 postsynaptic action potentials of the same average frequency. The second pathway was unstimulated and served as a control for possible heterosynaptic effects. In cells from NR mice, the random train pairings had no effect at low frequencies (0.5 Hz: 100.2 Ϯ 2.8%, n ϭ 6 slices, 5 mice; paired t test, p ϭ 0.884; 3 Hz: 98.3 Ϯ 0.9%, n ϭ 6 slices, 5 mice; paired t test, p ϭ 0.884) and elicited LTP, but not LTD, at frequencies Ͼ6 Hz (Fig. 7) . Dark exposure enabled the induction of LTD with low-frequency random trains pairing (0.5 Hz: 83.9 Ϯ 4,7%, n ϭ 6 slices, 5 mice; paired t test, p ϭ 0.0.007) and lowered the frequency threshold for LTP (3 Hz: 121.1 Ϯ 3.6%, n ϭ 7 slices, 5 mice; paired t test, p ϭ 0.001). A two-way ANOVA confirmed the significance of the results (F (4,50) ϭ 3.962, p ϭ 0.007). No lasting changes were detected in the unstimulated pathways ( p Ͼ 0.7 in all cases). Thus, dark exposure enables the bidirectional induction of plasticity with Poisson pairing at frequencies within the range of spontaneous activity.
Discussion
Previous studies on metaplasticity established that visual deprivation shifts the threshold for the induction of LTP and LTD with rate-dependent paradigms favoring LTP at the expense of LTD (Kirkwood et al., 1996; Philpot et al., 2003) . Our present investigation with spike-timing-dependent paradigms showed that brief dark exposure extends the integration temporal window for the induction of both tLTP and tLTD. In addition, it enables the induction of associative of LTD with random stimulation at frequencies within the range of the spontaneous firing rates. Importantly, consistent with previous studies showing the changes in the frequency threshold for LTP and LTD (Philpot et al., 2003) , the changes in the integration temporal window results from the incorporation of NR2b-containing NMDARs and the consequent prolongation of the NMDAR-mediated response. We propose that sensory deprivation has contrasting effects on NMDAR-dependent LTD, depending on the induction conditions: it expands the temporal window for inducing tLTD, but prevents the induction of LTD with low-frequency stimulation or pairing paradigms.
Several lines of evidence indicate that an increase in NR2b-containing NMDARs at the synapse mediates the expanded integration window for STDP after dark exposure. First, we showed that dark exposure increases the magnitude and duration of the NMDAR-mediated response, and their susceptibility to block by ifenprodil. These changes in electrophysiological measures of synaptic NR2b-NMDAR are consistent with reports of increased translation of NR2b after brief dark exposure (Chen and Bear, 2007) or synaptic inactivity and rapid synaptic incorporation of NR2b-containing receptors after reduced input activity (Storey et al., 2011) . Second, the selective block of NR2b-NMDAR abolishes the changes in STDP elicited by dark exposure. Finally, mimicking the increase in response duration caused by dark exposure extends the integration window in NR mice. In sum, we propose that an increase in synaptic NR2b, which is known to reduce the frequency window for rate-dependent LTD (Kirkwood et al., 1996; Choi et al., 2002; Philpot et al., 2003; Chen and Bear, 2007; Kanold et al., 2009) , expands the window for tLTD and tLTP.
The extended integration window for tLTP in NR2b-NMDAR-"enriched" synapses dovetails with the prevailing view that the backpropagating action potential serves to relieve the voltage-dependent Mg 2ϩ block in NMDARs bound to glutamate. The extended window for postsynaptic tLTD, on the other hand, is harder to interpret because multiple models have been 
